We generated silicone oil micro-droplet in deionized water with a microuidic T-junction devices made on siliconglass with dierent cross-sections (depth and width) of the continuous phase and the dispersed phase micro-channels.
Introduction
Microuidic devices have been developed since a decade for dierent applications in various industries: foods, pharmaceuticals, cosmetics, electronics, etc [1] . Among these applications of microuidic systems, many of them are based on the dispersion of a uid in another immiscible uid. These two-phase ow systems appear in dierent elds such as medical science [2] , chemistry, sensing [3] , etc. For many of these applications, it is crucial to generate uniform droplets (liquid-liquid system) or bubbles * Address correspondence to this author at the FEMTO-ST Institute, Université de Franche-Comté, 15B avenue des Montboucons, 25030 Besançon cedex, France; Tel: +33 363082458; Email: franck.chollet@femto-st.fr (liquid-gas system), and control their size.
In recent years, dierent structures have been proposed to produce monodisperse droplets or bubbles. The most widely used are the T-junction [4] , the ow-focusing [5] , and the co-owing devices [6] .
Several authors have also studied the parameters controlling the droplet or bubble size and their generation mode.
These parameters include the channel geometry, the ow rates, the interfacial or the surface tension, the viscosity of the uids, etc [7, 8] .
In the T-junction device the continuous phase and the dispersed (immiscible) phase are introduced into a main channel and a cross-channel, respectively. The break-up of the uid in droplets or bubbles is mostly triggered by the ow induced pressure gradient and drag force appearing at the junction.
In this conguration, there are three main identied regimes of droplets or bubbles generation (squeezing, dripping and jetting) and an additional balloon regime that we recently put in evidence at very low dispersed phase velocity [9] . Many authors have been interested in the study of the squeezing and the dripping regimes, as well as the study of the transition between these two modes of generation, producing multiple experimental and theoretical studies for modeling the laws governing the droplet size.
In the squeezing regime, Garstecki [10] proposed, after a detailed analysis of the dierent physical forces present in the system, a simple equation binding the droplet length L to the two uids ow rates ratio:
where α is a geometrical factor close to 1, and Q d , Q c are the dispersed and continuous uids ow rates, respectively. This linear equation was obtained by considering that the droplet generation process occurs in two steps. Thus, Xu et al. [11] found that L = w c (1.38 + 2.52
Qc ), while Fu et al. [12] wrote L = w c (0.64 + 0.32
In the dripping regime, some authors have modeled the droplet size based on a force balance between the interfacial force and the viscous force at the junction. Actually the modeling of the droplet formation mechanism in the dripping regime was initiated by Thorsen in his seminal paper [4] , where, basing his analysis on analogies with the formation of emulsion described by Taylor et al. [13] , he 
where d is the droplet diameter, and w c is the width of the continuous phase micro-channel. Nisisako et al. [14] and Cristini and Tan [15] have obtained similar results.
Xu et al. [11] found that the model using by Thorsen [4] is compatible with their experimental results only for a Ca c > 0.2. For Ca c < 0.2, they proposed a modication of equation 2, and they wrote:
where h is the micro-channel height. While, Fu et al. [12] expressed the diameter of the droplet as follows: d wc = 1.42Ca
Another way of expressing the droplet size, in the dripping regime, without using the dimensionless number Ca is to identify dierent stages of droplet formation, as in the case of the squeezing regime. Thus, Van der Graaf et al. [16] proposed that the droplet growth mechanism is split in two phases: a rst phase of growth lasting until the drag force on the droplet equals the retaining interfacial tension force appearing at the dispersed phase channel mound (V crit ), and a second inating phase lasting t neck , the time it takes for the continuous phase to squeeze the neck of the droplet and to free it completely. The duration of this second phase is not given explicitly and to nd the volume of the droplet V f he wrote, V f = V crit + t neck Q d , where Q d is the ow rate of the dispersed phase. This idea of a two-phase formation process is actually inspired by a paper of Peng et al. [17] , where droplet formation on a membrane, thus free from channel walls interaction, is described similarly, with V crit given as a force or a torque equilibrium between surface tension at the mound of the dispersed phase pore and the sum of the drag and buoyancy eects.
Christopher [18] adapted the work of Garstecki [10] to the dripping regime by writing, as Taylor [13] before, an equilibrium of forces to obtain V crit , taking for the retaining force the Laplace pressure [10] and for the drag force the sum of a shear component [4] and a pressure force As Yeom et al. [19] have shown, there are still many cases where none of the previous models seem to describe fully the experimental condition and they choose to t the model to a set of experimental data. In their work, they considered that the mechanism of droplets formation is composed of two stages, without precisely specifying the boundary between these two stages, and used ve parameters to t V crit and ve other parameters to t t neck .
If their model ts well the tested experimental data, the large number of tted parameters seems to loose the direct link between the model and the experiment, and pinpoints that the analytical models used probably need further rening for representing better the physical phenomena at play.
The transition between the dripping and the squeezing regimes is described by several authors [10, 20, 11, 12, 21] using the capillary number of the continuous phase Ca c .
These works nd a critical value that separates these two droplet generation regimes. Garstecki [10] and Menech [20] place the critical value at Ca c(critical) ≈ 10 erature references, we note that Xu et al. [11] found that the dripping regime is obtained for 0.01 < Ca c < 0.3, and the squeezing regime is observed for Ca c < 0.002, Fu et al. [12] showed that the dripping regime and the squeezing regime are present for 0.013 < Ca c < 1, and 10 −4 < Ca c < 0.0058 respectively, while Sivasamy et al.
[21] observed the dripping regime for Ca c = 0.025 and the squeezing regime for Ca c = 0.01. The variation in this parameter indicates probably that dierent microuidic systems have dierent behavior in this aspect that can not be grasped by a single number.
In the present work, we choose to study oil-in-water micro-droplets using a T-junction microuidic device in the same silicon device used in our previous work [22] to see the eect of partial wetting on the dripping regime.
Moreover, it seems that since the earlier work [4] most of the experiment have been conducted in polymer system [23, 24] , favoring water-in-oil droplets. The silicon is thus chosen for its hydrophilicity (when it is covered by native oxide) and also for its toughness yielding more repeatable experiments.
We will show that with this technology the dripping regime is obtained at a very low value of continuous phase capillary number and that the droplet size varies with the width of the dispersed channel and the velocity of the dispersed phase. Taking into account the specicity of our setup, we propose a modied model, composed of three stages for describing the mechanism of droplet formation that could explain this behavior. The model precisely denes the beginning and the end of each stages and a comparison with existing models indicates some unique behavior in our setup.
Experiments
All microuidic devices were prepared in the clean room of the FEMTO-ST Institute using silicon and Pyrex glass wafers with 500 µm thickness, and used a T-junction conguration. Figure 1 shows the steps used in the fabrication of the microuidic devices. in the glass-silicon system [25] . Experiments were conducted at constant temperature (20 ± 2°C) using two syringe pumps to control the ow rates of the aqueous and oil phases in the micro-channels. The oil velocity v d varied between 0.75 and 3 cm/s while the water velocity v c was varied between 0.1 and 60 cm/s (corresponding to
10
−5 < Ca c < 6.10 −3 ). After any change of the aqueous phase velocity we waited until we obtained stabilized droplet generation. The droplets diameter was then measured using a microscope and a CCD camera with a high speed shutter in a chamber located downstream a few millimeters after the T-junction. The polydispersity in the generated droplet was eventually measured below 2% in accordance with literature results on similar systems [4] .
In the present work we have observed that the dripping regime is obtained at very low continuous phase capillary number: 2.10 −4 < Ca c < 6.10 
when d < h. We see in Table 1 that in our experiments a barrel/cylindrical shape is present, even if this shape seems not at rst thermodynamically favorable. This can be best explained if we assume that in our experiment the dispersed phase (oil) is wetting the oor and ceiling of the channels. We have independently veried with a manual contact angle measurement system from Nachet that the silicone oil does indeed wet the silicon and the glass used in the fabrication relatively well (contact angle, respectively, 21°and 31°). Actually if DI water wets silicon better (contact angle 14°) it does wet glass significantly less (contact angle 60°) supporting the hypothesis of a barrel shape for the droplet, which had already been suggested for describing the apparition of the balloon regime of droplet generation in our previous paper [9] . Still, we note that the measured contact angle is different from the contact angle in the chip as the surface energy there would have been modied by the bonding process. Wetting of the main channel silicon walls by oil has not been observed in normal operation, however we suspect that oil ends up on the walls, probably remaining in the ne grooves appearing there during the fabrication process (scalloping during the DRIE step visible in the inset in Figure 2 ), nally preventing the generation of droplets at the T-junction.
Model of droplet generation
For our experiments we have noticed that in the dripping regime the dependence of the droplet diameter with the dispersed phase velocity and dispersed channel width was not correctly described by existing analytical models from the literature [4, 10, 18] . In order to explain this difference, we reconsidered the formation mechanism of oil droplets in our microuidic devices, where the dispersed phase is wetting the channel oor and ceiling. The exact dynamics of the droplet formation is complicated, and requires computer intensive numerical simulation, but we can express it in a qualitative way using analytical expression that captures most of the features of the process.
Actually, from the sequence in Figure 5 , we split the generation process in three main stages. 
This stage may seems anecdotal at rst, but we have shown that by using a very low dispersed phase velocity, it is possible to remain in this stage until the droplet detaches. This gives rise to a new droplet generation regime with very specic features that we have dubbed the balloon regime [9] . before it starts to detach and, as suggested by previous authors [13, 16, 18] , its shape is governed by an equilibrium between the forces arising from the interfacial tension and the drag.
In our work, this stage ends at t = t II when the upstream side of the droplet is perpendicular to the wall of the continuous phase micro-channel, a time readily observed during our experiments (Figure 7 ). At this time, the droplet has deformed and its shape is roughly given by the sketch in Figure 8 where the surface of the droplet is S. We will now try to write The interfacial tension gives rise to tension force that is tangent to the edges of the droplet at the wall of the continuous phase channel.
On the downstream part of the droplet, the force is directed along the continuous phase micro-channel wall and is given by: 
∆P = 32
This result is dierent from the lubrication or the simplied analysis done in the classical models [10, 18] that have been often reused in other studies. Using our notation, the pressure drop in the model of Garstecki et al. [10] , can be written as:
while in the model of Christopher et al. [18] , it is:
We have been using the COMSOL MULTIPHYSICS software to compare the models of pressure drop. We [18] (parameters are the same as in Figure 9 ). et al. [18] , is illustrated in Figure 10 . We see that the expression used in our analytical model best approximates the simulated pressure drop (∆P ) in the system. Still we may note that when the channel is almost closed ( > 0.9w), the square obstruction used in the simulation is blocking the ow much more than a real droplet will do, as the real rounded droplet won't ll the complete squarish section of the channel. In this range the simulation is probably overestimating the pressure drop by an increasingly large amount.
Thus, using simple geometric approximation (A = hr) for the droplet cross-section area (Figure 8 ), we write:
Finally, the equilibrium between the drag force and the interfacial tension gives:
This fourth order equation has two imaginary roots and two real roots with only one giving meaningful results for r. From simple geometric considerations on the droplet shape (Figure 8 ), we relate r to the droplet surface S and thus at the end of stage II, we have:
Stage III: Droplet detachment After t = t II , the continuous phase starts detaching the droplet from the upstream edge of the dispersed phase micro-channel nally closing the oil ow into the droplet. The direction of droplet detachment is determined by the direction of water ow. The surface increase of the droplet s during this phase is related to the dispersed phase ow and can be expressed by:
where t neck = t III − t II is the time it takes to shear the neck of the droplet originally of width r [19] . The time of necking is inversely proportional to the shear rate (µ c v c ) imposed by the continuous phase, but it is also proportional to the viscosity of the dispersed phase, and thus the necking time is expressed in this
. We note that the viscosity
) appearing here is absent from the earlier models in the literature [11, 12, 18, 19] . Moreover, in the case of water-in-oil droplet the viscosity ratio becomes very small, eectively making this phase very short and the surface increase s negligible. In that case the model would simplify and eectively stops at the end of stage II, as in the model of Thorsen [4] or Garstecki [10] . At the end of this stage at t = t III , the droplet with a surface of S + s is detached and a new cycle of droplet generation starts.
As the droplet reaches the storage chamber at the exit, it tends to assume a quasi cylindrical shape with height h and the diameter d of the drop is then given by:
The coecient in front of √ S + s has been scaled by 0. Actually, when the width of the continuous phase micro-channel is xed (w c = 100 µm) for a constant continuous phase v c , the section S of the droplet at t = t II is constant and mostly independent of w d . Thus the volume of the droplet V crit = Sh is constant, and it can also be expressed by:
The time required for swelling of the droplet depends on the micro-channel width and the velocity of the dispersed phase.
At stage III, as we claried before, the droplet swelling is given by:
As S is constant, r is constant and t neck is constant. By reducing the width of the dispersed phase micro-channel w d at a constant velocity of the dispersed phase v c , the swelling of the droplet s during phase III is smaller, and the generated oil droplet is smaller.
Similarly, we observed that the droplet diameter de- However, at stage III, the droplet swelling is given by:
As S is constant, r is constant and t neck is constant. By reducing the velocity of the dispersed phase v d at a constant width of the dispersed phase micro-channel w c , the swelling of the droplet s during phase III is smaller, and the generated oil droplet is smaller.
We note that if the dispersed phase velocity is suciently reduced (here if v d < 0.6cm/s), the regime of droplet generation changes. Actually, it goes from the dripping regime to the balloon regime [9] , which is not described by the model discussed in this paper.
We also noticed that the behavior was almost insensitive to the depth of the micro-channels h (Figure 13 ).
This relative insensitivity exists also in the model when h w c −r in the numerator of F drag , that is when w c ≈ r which is generally the practical case that has actually been considered previously in some models ( [10] ). In this simpler case we can verify that the term h can be completely removed from the model.
In Figure 11 and Figure 12 we plotted the prediction from two dierent models from the literature [10, 18] where oil (and not water) droplets are generated. Moreover, as we claried before, our set-up generates cylindrical droplets in the dripping regime, which may not be the case in all the literature experiments. We clearly see that in this case the observed experimental behavior is much better described by our model.
Still we note in our model that larger error appears with larger droplets. Actually, when the droplet diameter approaches the width of the continuous phase microchannel (w c =100 µm in Figure 11 and Figure 12 ), the generation regime changes and goes toward the squeezing regime, which is not described by our model, but is better described by Garstecki's model [10] .
5 Eect of the continuous phase Thus the nal surface of the droplet (S + s) decreases, and the nal diameter of the generated droplet becomes smaller.
The observed behavior is again similar to what is predicted by our model (Figure 14 ) and the comparison with the classical models shows again that our experiments are dierent from previous work. We still note that for bigger droplets (lower v c ) the dierence with our model starts to be signicant. Actually, here again, when the droplet diameter (d) reaches the value of the continuous micro-channel width (w c ), we tend to leave the dripping regime and reach the squeezing regime, where our model is no more valid but which is adequately described by Garstecki's model [10] for example.
As already reported in dierent publications [14, 26, 27] , the micro-droplet diameter also decreased when the velocity of the continuous phase v c increased in the same microuidic conguration (w d and w c are xed). Actually, during stage II, the tension force that holds the droplet is constant because it is proportional to the interfacial tension and the micro-channel depth that are kept constant.
Thus, the force required to detach the droplet remains constant. Accordingly, as the velocity of the continuous phase increases, the drop cross-section and r decreases, and the droplet surface S decreases.
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Conclusion
In the present work, monodisperse oil droplets in water were generated using a T-junction conguration.
Microuidic devices made on silicon-glass were fabricated with dierent cross-sections of the continuous and dispersed phases micro-channels to study the eect of the micro-channels geometry on the micro-droplet size.
We showed that the dripping regime can be obtained at very low capillary number by using deionized water as the continuous phase and a silicone oil with a large interfacial tension as the dispersed phase.
We found that the dependence of the droplet diameter with geometry and velocity did not coincide with existing analytical models. In order to explain this behavior, we divided the mechanism of micro-droplet formation into three stages where we considered wetting of the dispersed phase at the oor and ceiling of the microchannel. During stage I, the droplet has a circular shape. When the droplet deforms, stage II starts and the droplet grows. We dene the end of this stage when the droplet is tangent to the upstream edge of the dispersed phase microchannel. Finally, stage III corresponds to the phase seeing the detachment of the micro-droplet. We then proposed an analytical model of the dripping regime for oil-in-water microdroplet generation. The model could predict the observed behavior better than existing models, highlighting a dierence in our setup presumably linked with the dispersed phase wetting of the main channel oor and ceiling. Nonetheless, it is clear that some ner behavior of this process are still incompletely described and will require more investigation in the future, particularly to extend the scaling laws to smaller droplet diameters.
